Using a white light interferometric microscope (WLIM) we measure the photodamage induced change in the complex index of refraction of disperse orange 11 (DO11) dye-doped (poly)methyl-methacrylate. We find that the change in the imaginary part of the refractive index is consistent with previous measurements of photodamage-induced absorbance change. Additionally, we find that the change in the real refractive index can be separated into a component due to damage to the dye molecules and a component due to irreversible damage to the polymer.
Introduction
Disperse orange 11 (DO11) is an organic laser dye [1, 2, 3] which when doped into (poly)methyl-methacrylate (PMMA) is found to exhibit reversible photodegradation [1, 2, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13] . Previously, DO11/ PMMA's decay and recovery have been characterized using linear absorptive measurements (such as absorbance spectroscopy [4, 5, 13] and transmittance imaging [6, 11, 9, 10, 12, 13] ), nonlinear optical measurements (specifically amplified spontaneous emission (ASE) [1, 2, 4, 7] ), and photo -conductivity [9, 10, 12] .
From these measurements a model of reversible photodegradation -the extended correlated chromophore domain model (eCCDM) [7, 8, 12, 13] -has been developed. The eCCDM proposes that dye molecules form onedimensional aggregates with the polymer host; where interactions between molecules result in a mitigation of photodegradation and recovery of damaged molecules. While the exact mechanisms of the eCCDM are still under investigation, the model is found to predict all observed experimental data.
One of the fundamental questions still to be addressed arises from the observation of both a reversibly damaged and irreversibly damaged species in linear optical measurements [6, 14, 9, 10, 11, 12, 13] , while amplified spontaneous emission (ASE) measurements observe full recovery [1, 2, 4, 5, 7, 8] . As a possible explanation we proposed the hypothesis that the irreversibly damaged species is due to damage to the polymer host [12, 13] , as ASE probes only the dye molecules. If the irreversible species is due to polymer damage, we would expect the refractive index * Email: benjamin.r.anderson@gmail.com change to be the most sensitive probe as the polymer has the largest contribution to the sample's refractive index, given the typically low concentration of dye (≈ 0.8 wt %).
Method
To measure the refractive index change of DO11/PMMA we use a white light interferometric microscope (WLIM) [16, 15] which uses white light in a Michelson interferometer and CCD camera to image the interferograms. The WLIM allows for the resolution of a sample's complex index of refraction as a function of position in the plane of a thin film sample. The procedure to measure the change in refractive index using the WLIM is as follows. Images, as a function of arm length difference, are first taken with the empty interferometer to measure the reference white light interferograms at each pixel. Nearly identical samples are then placed in each of the interferometer's arms and the interferometer is adjusted to take into account the change in optical path length and phase distortion introduced by the samples. Another set of images is then taken, as a function of arm-length difference, to measure the pristine sample's interferograms at each pixel. After taking the white light and pristine interferograms, the sample in the stationary arm is burned using an ArKr laser operating at 488nm and focused to a line spot with a peak intensity of 5 W/cm 2 . The x-axis is defined to be the short axis, and the y-axis is the long axis. The sample is photodegraded for 4 hours, at which point the pump beam is turned off and another set of images are taken to measure the damaged sample interferograms at each pixel. After several days a final set of images are taken to determine changes due to recovery.
Once all the interferograms -white light, pristine sample, damaged sample, and recovered sample -are measured for each pixel, they are Fast Fourier Transformed to give spectral amplitude, I(k 0 ; x, y), and complex phase, Φ(k 0 ; x, y) as a function of wavenumber and pixel position. We then calculate the change in absorbance due to photodegradation (and recovery) using
= − ln
where A 2 is the absorbance after degradation/recovery, A 1 is the pristine absorbance, I 0 is the spectral amplitude of the white light, I 1 is the spectral amplitude of the pristine sample, and I 2 is the spectral amplitude of the degraded sample. After determining the change in absorbance as a function of wavenumber and pixel position, we then calculate the change in phase:
where Φ 1 (k 0 ; x, y) is the pristine phase and Φ 2 (k 0 ; x, y) is the phase after degradation/recovery. A complication arises when computing the change in phase as a function of position, as the process of unwrapping a noisy phase signal results in arbitrary constant offsets in the phase signal. These offsets are found to be random from pixel-to-pixel with the average over a large number of pixels being zero. However, using only a few pixels for averaging results in a non-zero phase offset. Therefore, in order to accurately calculate the effect of photodegradation, we enforce a constraint that the phase change be zero at the wavenumber corresponding to peak absorbance change. This constraint is consistent with the KramersKronig relations between the real and imaginary parts of the refractive index [17, 15] .
After correcting for the random phase offset, the phase change is then converted to the scaled refractive index difference (SRID) [15] :
where d 1 is the thickness of the damaged sample, and ∆n is the change in refractive index due to photodegradation (or recovery).
Results and discussion
As an example, consider the change in the complex index of refraction at nine points along the beam's x axis at x = 0, ± 12, ±32, ±41, and ±46, where x is in units of pixels. Using the pump beam's known Gaussian profile we can convert each x position into a pump beam intensity, and therefore the image data effectively measures the change in refractive index as a function of intensity. Figure 1 shows the change in absorbance (points) as a function of wavenumber for five different intensities, with three peak Gaussian fits added as a guide for the eye. The peak absorbance change and isosbestic points for the raw data are within experimental uncertainty of those measured previously using conventional spectrometers [4] . In addition to confirming previous measurements of the change in absorbance, we also find the SRID as a function of wavenumber for five intensities as shown in Figure 2 , where data is shown as points, and three-peak Gaussian fits are added as a guide for the eye.
To ensure the validity of our constraint on the isorefractive point -that it occurs at the wavenumber of maximum absorbance change -we consider the spatial profile of both the absorbance change and SRID. If our constraint is valid, the spatial profile of the absorbance change and SRID will be identical as both are proportional to the damage profile [16, 15] . Choosing wavenumbers that correspond to maximum absorbance change and maximum SRID, we plot the absorbance change and SRID for each pixel in our data set and fit both curves to a Gaussian function as shown in Figure 3 . Both data sets are found to agree with Gaussian fits with widths that are within experimental uncertainties. This suggests that the constraint imposed on the isorefractive point is valid.
Given the success of our measurement of the SRID as a function of intensity, we also compute the SRID predicted by the Kramers-Kronig relations for comparison. Figure  4 shows the measured SRID at peak damage (points) to the Kramers-Kronig (KK) calculation (blue line) and the residual between data and theory (red line). At longer wavelengths (smaller k 0 ) the KK calculation and the measured SRID are within experimental uncertainty of each other. However, starting above k 0 = 14 µm −1 (λ ≈ 450nm) the measured SRID and KK calculation begin diverging. Given that the difference is found to monotonically increase with wavenumber starting near k 0 = 14µm −1 , we propose that this difference is due to irreversible photodegradation of the polymer host, as the measured difference correlates with measurements of the refractive index change of neat PMMA when photodegraded [18, 19, 23, 20, 21, 22] .
To understand why the KK calculation is insensitive to the contribution of polymer damage, we consider two limitations of the KK calculation. First, the Hilbert transform integral spans a limited range of wavenumbers (corresponding to 390 nm < λ < 800 nm). This wavenumber domain leaves out the spectral region in which the polymer's absorbance change is greatest (λ < 350nm) [18, 19, 23, 20, 21, 22] , but includes the region of peak absorbance change for DO11. Therefore by not including the absorbance change in the UV regime, the KK calculation misses the effect of polymer damage.
As an estimate of the effect of irreversible polymer damage on the SRID, we approximate the change in absorbance in the UV regime, shown in Figure 5 , and perform the KK calculation again. We assume that the change in absorbance in the UV regime is of the same form as the change in absorbance for neat PMMA [18, 20, 19] . By performing the Hilbert transform on the extended change in absorbance we find the estimated SRID, as shown by the red curve in Figure 6 . We find that by including a change in the UV absorption similar to that of neat PMMA our KK calculation is consistent within experimental uncertainty of the measured SRID. This suggests that irreversible polymer damage is indeed responsible for the deviation between the truncated KK calculation and the measured SRID.
The second limitation to the KK calculation of the SRID is that the KK relations require the measured change in absorbance to be solely due to changes in the system's electric susceptibility. However, irreversible photodegradation of PMMA is known to form scattering sites [23] , whose effect on absorption and refractive index does not follow the KK relations [24, 25, 26] . The change in refractive index due to scattering sites is known to be proportional to k 4 0 [24, 25, 26] , which is consistent with the observation of the divergence from the KK calculation. Though the absorption peak of PMMA is in the UV spectral range and thus requires an UV photon to cause and excitation and damage, absorption of a photon near the dopant's absorbance may lead to damage of the polymer through energy transfer [27, 28, 29, 30, 31] .
Conclusions
In conclusion, we spatially resolve the change in complex index of refraction due to photodegradation finding that the change in absorbance is consistent with previous measurements [4] while the measured change in refractive index is inconsistent with predictions using KK relations. Given the form of the residual, as shown in Figure  4 , we conclude that the difference is due to irreversible polymer damage as the KK calculation primarily considers the effect of photodegradation on the dye molecules Figure 6 : Scaled refractive index change as measured by the WLIM at peak intensity as well as the truncated and extended KK calculation. By including a peak in the absorbance change in the UV regime, we reproduce the measured SRID using the KK relations.
alone. This result supports the proposed nature of irreversible photodegradation in DO11/PMMA being due to polymer damage [12, 13] . Further research is currently underway to test this hypothesis including UV spectroscopy, scattering experiments, and FTIR.
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